Disruption of the renal proximal tubule (PT) brush border is a prominent early event during ischemic injury to the kidney. The molecular basis for this event is unknown. Within the brush border, ezrin may normally link the cytoskeleton to the cell plasma membrane. Anoxia causes ezrin to dissociate from the cytoskeleton and also causes many cell proteins to become dephosphorylated in renal PTs. This study examines the hypothesis that ezrin dephosphorylation accompanies and may mediate the anoxic disruption of the rabbit renal PT. During normoxia, 73 ± 3% of the cytoskeleton-associated (Triton-insoluble) ezrin was phosphorylated, but 88 + 6% of dissociated (Triton-soluble) ezrin was dephosphorylated. Phosphorylation was on serine/threonine residues, since ezrin was not detectable by an antibody against phosphotyrosine. After 60 min of anoxia, phosphorylation of total intracellular ezrin significantly decreased from 72 ± 2% to 21 + 9%6, and ezrin association with the cytoskeleton decreased from 91 + 2% to 58 + 2%. Calyculin A (1 ,uM), the serine/threonine phosphatase inhibitor, inhibited the dephosphorylation of ezrin during anoxia by 57% and also blocked the dissociation of ezrin from the cytoskeleton by 53%. Our results demonstrate that (i) the association of ezrin with the renal microvillar cytoskeleton is correlated with phosphorylation of ezrin serine/threonine residues and (ii) anoxia may cause disruption of the renal brush border by dephosphorylating ezrin and thereby dissociating the brush border membrane from the cytoskeleton.
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Oxygen deprivation to the kidney is a major cause of acute renal failure (1, 2) . A prominent early event during renal ischemia is a distinctive pattern of proximal tubule (PT) brush border disruption consisting of clubbing, blebbing, sloughing, and internalization (3, 4) . This disruption has been attributed to the dissociation of the plasma membrane from the cytoskeleton within the brush border (5) . Nonetheless, little is known regarding the molecular events that disrupt the association of the cell membrane with the brush border cytoskeleton.
The microvillar cytoskeleton is formed by a core of filamentous actin (F-actin) fibers stabilized by actin-binding proteins that form cross-bridges to the plasma membrane (6, 7) . Several recent findings suggest that ezrin may be a principal protein responsible for stabilizing the renal brush border. (i) Ezrin is homologous to a family of proteins known to link the plasma membrane to the cytoskeleton, including band 4.1, radixin, and talin (8, 9) . (ii) Ezrin binds to the plasma membrane through its N-terminal domain (10) , whereas the C-terminal domain of ezrin binds to F-actin (11) . (iii) Ezrin has been predominantly found in F-actin-containing structures located underneath the plasma membrane in surface protrusions (12) (13) (14) (15) , including the intestinal brush border (14) , gastric parietal cell microvilli (16) , and the renal PT brush border (5, 12) . (iv) During renal oxygen deprivation, there is a close temporal correlation between microvillar breakdown and the dissociation of ezrin from the microvillar cytoskeleton (5) .
The regulation of ezrin has been the focus of much interest and speculation. This protein was initially identified as a prominent substrate for tyrosine kinases (17) , and subsequent studies showed that the phosphorylation of ezrin tyrosine and serine residues can be regulated by different agonists known to stimulate microvillar proliferation (15) . Specifically, stimulation of A431 cells with epidermal growth factor caused microvillar formation accompanied by ezrin phosphorylation (15, 18) . Similarly, hormonal stimulation of gastric parietal cell acid secretion caused microvillar proliferation (16) and increased phosphorylation of ezrin (19) . More recently, Turunen et al. (11) hypothesized that ezrin phosphorylation could unmask the actin binding site, facilitating the association between ezrin and the cytoskeleton. Despite these findings, to our knowledge, no evidence exists directly linking ezrin phosphorylation to microvillar formation.
The present communication specifically addressed the role of ezrin dephosphorylation during anoxia and the dissociation of ezrin from the microvillar cytoskeleton. During anoxia, overall kinase activity is profoundly inhibited in PTs (20) , and therefore, vast dephosphorylation would be expected to occur. We hypothesized that ezrin would also be dephosphorylated during renal anoxia and that this biochemical event may destabilize the microvillar structure. The present study demonstrates a close correlation between ezrin phosphorylation/ dephosphorylation and ezrin's association/dissociation with the cytoskeleton in rabbit PTs during both normoxia and anoxia. Anoxia caused ezrin to become dephosphorylated and dissociated from the cytoskeleton in parallel. Prevention of ezrin dephosphorylation during anoxia significantly inhibited its dissociation from the cytoskeleton. Consequently, ezrin dephosphorylation during anoxia may be a key event in the concurrent disruption of the brush border structure in renal PTs.
MATERIALS AND METHODS PT Isolation. Rabbit PTs were isolated and purified as described (21) . Briefly, female New Zealand White rabbits (3-4 kg; Robinson, Winston-Salem, NC) were injected with heparin and anesthetized. The cortices were trimmed from the excised kidneys, minced, and digested for 60 min at 37°C in Dulbecco's modified Eagle's medium DMEM/F-12 culture medium containing collagenase (150 units/ml), bovine serum albumin (2 mg/ml), and DNase (1 unit/ml), and gassed with 95% 02/5% CO2. The The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Medical Sciences: Chen etal. washed and resuspended at 2 mg of protein per ml. The purified PT suspensions were preincubated at37°C for 30 min in DMEM/F-12 medium containing 4 mM glycine and gassed with 95% 02/5% CO2 prior to the anoxia protocols. Glycine was utilized due to its protection of the plasma membrane from anoxia-induced damage (22, 23) , preventing leakage of solubiized ezrin from the anoxic cells (5) . After the preincubation period, the PTs were made anoxic for 30 min or 60 min by gassing with 95% N2/5% CO2. The same amount of PT protein (-8 mg) was used for each experimental condition tested.
Triton Solubility/Insolubility. The association of ezrin with the cytoskeleton was determined by its solubility in Triton X-100. After the experimental period, the PTs were pelleted at 100x g for 2 min. The pellets were resuspended in 0.9 ml of ice-cold Triton extraction buffer (0.5% Triton X-100/300 mM sucrose/5 mM Tris HCl/2 mM EGTA/200 ,uM phenylmethylsulfonyl fluoride/10,uM leupeptin/10,uM pepstatin, Tris*HCl, pH 6.7; 50°C; 30 min) to remove the initial primary antibody, washed, and reprobed for phosphotyrosine with mouse anti-phosphotyrosine IgG (Sigma). Sucrose Gradient Sedimentation. To determine whether ezrin dissociates from the cytoskeleton during anoxia by itself or with other cytoskeletal components, the size of ezrin or ezrin-containing complexes was estimated in the Tritonsoluble fraction by using sucrose gradient sedimentation. The sedimentation rate of a protein in a sucrose gradient is roughly proportional to its molecular size although it is also affected by its molecular conformation (24) . TSPs (0.5 ml) obtained after various treatments were loaded on a 12-ml 10-30% sucrose gradient containing the protease inhibitors in the Triton extraction buffer described above. Ultracentrifugation was performed at 190,000 x g at 4°C for 16 hr. The total content in each centrifuge tube was fractionated into 25 parts and the fractionation was calibrated by using three molecular size markers: bovine serum albumin (66 kDa), ,B-amylase (200 kDa), and thyroglobulin (669 kDa). Proteins in each fraction were precipitated in three times their volume of methanol and then resuspended in SDS/PAGE sample buffer as described above.
Determination None showed changes in abundance under any of the tested conditions and these minor components were not investigated further.
The relationship between the phosphorylation status of ezrin and its association with the cytoskeleton was investigated in Triton X-100-soluble and -insoluble fractions. As seen in Fig. 2, E3 was the predominant component in the Tritoninsoluble fraction, whereas El was predominant in the Tritonsoluble fraction. This result suggests that a correlation exists between the association of ezrin with the cytoskeleton and the phosphorylation of ezrin. No statistically significant difference was found in E2 or E4. Fig. 3 shows results of two approaches to determine whether ezrin contains phosphotyrosine in this tissue. An antibody against phosphotyrosine failed to recognize ezrin after the ezrin antibody was stripped from a 2D gel (Fig. 3A) . In a parallel experiment, the same sample was loaded into two lanes of a slab gel. After SDS/PAGE and transfer, probing one lane with ezrin antibody revealed a band at 83 kDa, and probing the other lane with phosphotyrosine antibody revealed several bands, but none at the molecular mass of ezrin (Fig.  3B) . Thus, ezrin contains no detectable phosphotyrosine in proximal renal tubules. Since ezrin occurs predominantly as a phosphorylated protein under normoxic conditions in this tissue (Fig. 1A) , this suggests that the protein is normally phosphorylated on serine and/or threonine residues.
Effects of Cayculin A on Dephosphorylation and Dissociation of Ezrin from the Cytoskeleton During Anoxia. The finding that E3 was the predominant component of total intracellular ezrin during normoxia (Fig. 4) was consistent with our previous observation that 91% of ezrin was Tritoninsoluble during normoxia (5). After 60 min of anoxia, E3 decreased and El increased significantly, demonstrating dephosphorylation of ezrin during anoxia, which correlates with the dissociation of ezrin from the cytoskeleton, as shown below. The decrease in E3 and the increase in El after 60 min of anoxia were inhibited by adding 1 ,uM calyculin A, a membrane-permeable serine/threonine phosphatase inhibitor that was present in the medium before and throughout the period of anoxia. This result suggests that anoxic dephosphorylation of ezrin occurs on serine/threonine groups.
We have shown (5) that 60 min of anoxia caused a significant decrease in Triton-insoluble ezrin (TIE) from 91 ± 1 to 58 ± 2%, whereas Triton-soluble ezrin (TSE) increased significantly from 9 ± 1 to 43 ± 2%. The ratio of TIE/TSE decreased significantly from 10.3 to 1.4 after 60 min of anoxia. As shown in Fig. 5 , in the presence of calyculin A (1 IzM), TIE decreased significantly less during 60 min of anoxia (76 vs. 43%), TSE increased less (24 vs. 43%), and TIE/TSE decreased less (3.4 vs. 1.3). Each of these changes was significant (P < 0.05), as indicated in Fig. 5 . The inhibitory effect of calyculin A on the anoxia-altered Triton-solubility of ezrin paralleled its inhibitory effect on anoxia-induced dephosphorylation of ezrin.
Complete Dissociation of Ezrin in the Triton-Soluble Fraction During Anoxia. Triton-soluble components obtained after 30 miii of anoxia were separated by sucrose gradient sedimentation. As shown in Fig. 6A , 95% of TSE was distributed in a narrow range of the sucrose gradient, indicating a population of ezrin with a homogeneous molecular size. The peak of the ezrin distribution curve was close to the expected position for ezrin monomers (83 kDa). Only 5% of TSE occurred in large molecular complexes that precipitated at the bottom of the gradient (fraction 0). In the same tube, 72% of Triton-soluble actin was found in a narrow range in the expected position for actin monomers (43 kDa), separated from those fractions containing ezrin, while 28% of Triton-soluble actin was in the large complexes detected in the pellet (Fig. 6A ). These results demonstrate the complete dissociation of ezrin from actin during anoxia.
As a control, to determine that this dissociation of ezrin actually occurred during anoxia and not during the sucrose gradient sedimentation procedure, the Triton-insoluble (cytoskeleton) PT fraction was first fractured into small Tritonsoluble pieces by sonication followed by the same sucrose gradient sedimentation procedure. Under these conditions, ezrin was distributed throughout the entire sucrose gradient, consistent with the existence of ezrin-containing complexes of various sizes (Fig. 6B) . Therefore, the sucrose gradient sedi- mentation procedure, by itself, does not appear to cause the dissociation of ezrin from other cytoskeletal components.
DISCUSSION
The present results revealed a close correlation between ezrin phosphorylation and ezrin's association with the cytoskeleton in renal PTs under three different conditions. (i) During normoxia, phosphorylated ezrin was predominant in the Triton-insoluble fraction and dephosphorylated ezrin was prev- alent in the Triton-soluble fraction (Fig. 2). (ii) During anoxia, ezrin was dephosphorylated and dissociated from the cytoskeleton (Figs. 4 and 5) . (iii) Inhibition of ezrin dephosphorylation during anoxia by calyculin A also inhibited the dissociation of ezrin from the cytoskeleton (Figs. 4 and 5) . Moreover, the ability of a serine/threonine phosphatase inhibitor (calyculin A) to block ezrin dephosphorylation and the absence of phosphotyrosine in phosphorylated ezrin indicate that interactions between ezrin and the cytoskeleton are regulated by the phosphorylation of ezrin on serine/threonine residues in the renal PT brush border.
Studies in gastric glands suggested (16, 19) that the phosphorylation of ezrin serine residues may control the interactions of ezrin with the cytoskeleton. In this tissue, ezrin was predominantly found in the microvilli of stimulated cells (16, 25) , although some staining could also be found in basolateral infoldings (16) . Stimulation of gastric glands with histamine caused the simultaneous phosphorylation of ezrin in serine groups and the enhanced distribution of H,K-ATPase into the apical plasma membrane (19) . Detergent permeabilization experiments suggested a more stable association of ezrin with the cytoskeleton upon stimulation (16) . These findings led these investigators to propose that phosphorylation of ezrin serine residues may play an important role in the association of ezrin with the cytoskeleton. Ezrin has also been extensively studied as a substrate for tyrosine kinases (15, 17) ; however, available data indicate that ezrin phosphorylation on tyrosine residues does not alter the association of ezrin with the cytoskeleton (13, 26) .
The present study was able to document directly a clear correlation between-ezrin phosphorylation and the association of ezrin with the cytoskeleton due to two special consider-ations. The first of these was the choice of tissue preparation. As shown (5), in rabbit proximal tubules, 91% of ezrin is normally attached to the cytoskeleton and all the ezrin is localized to the brush borders. Therefore, it appears that ezrin may only perform a single function in this tissue. In tissues used for earlier studies, ezrin localized to more than one subcellular site (see above), suggesting that a component of the ezrin pool may have functions that do not depend on the protein's interaction with the cytoskeleton. The second important aspect was the specific optimization of the extraction procedure to minimize ezrin dephosphorylation by endogenous protein phosphatases (see Materials and Methods). This was required to prevent ezrin dephosphorylation during the detergent extraction procedure. Kobryn and Mandel (20) have reported that renal anoxia caused complete inhibition of kinase activity while phosphatase activity was unchanged or enhanced, causing a consequent massive protein dephosphorylation in these cells. The present results demonstrate that ezrin is one protein showing prominent dephosphorylation under these conditions and that this event may destabilize the brush border structure. The identity of the phosphatase(s) responsible for dephosphorylating ezrin under these conditions is presently unknown. However, the effectiveness of calyculin A in blocking ezrin dephosphorylation during ischemic injury to the proximal tubule implicates a protein phosphatase that resembles PRP-1 or PRP-2A in this process (27) .
Recent results suggest that ezrin can bind directly to F-actin in vitro (11, 28) . Furthermore, ezrin colocalization with F-actin has been demonstrated in neutrophils (28) , neurons (29) , and a variety of epithelial tissues (9, 10, 12, 16) , including proximal renal tubules (5, 12) . If during normoxia ezrin is directly connected to F-actin bundles in renal PTs, ezrin dissociated from actin during anoxia, as determined from the separation between soluble ezrin and actin in the sucrose gradient sedimentation experiments (Fig. 6 ). This result provided strong support for the hypothesis that dephosphorylation of ezrin during anoxia was responsible for this dissociation of ezrin and actin. It is noteworthy that in A431 cells, a number of quite gentle treatments (e.g., 1% Nonidet P-40, DNase I at 50 Ag/ml, 1 mM CaCl2, or 2 M NaCl) released ezrin from the cytoskeleton, such that the released ezrin was not associated with other proteins (13) . These results suggest that the bond between ezrin and its nearest cytoskeletal neighbor is a vulnerable one, perhaps a weak ionic bond.
Based on these considerations, we conclude that the phosphorylation of ezrin appears to increase ezrin's association with the cytoskeleton under physiological conditions. The dephosphorylation of ezrin during anoxia decreases its association with the cytoskeleton, and this event may destabilize the brush border structure and thereby lead to the morphologic abnormalities characteristic of ischemic injury to the renal PT.
